Introduction
Toluene is produced mainly from crude oil in the petrochemical industry and is used as a solvent for oils, resins, rubber and paints and as a raw material for the synthesis of a wide range of chemicals 1) . Occupational overexposure is associated with mucous membrane irritation and decrement in central nervous system function 2) . The American Conference of Governmental Industrial Hygienists (ACGIH) 3) states an 8 h time-weighted average (TWA) threshold limit value (TLV) of 188 mg/m 3 for the concentration of toluene in the air of working environment, and adds the "skin" notation, to outline that toluene can be both inhaled and absorbed by the skin.
Biological monitoring of exposure assesses the health risk through the evaluation of the internal dose. It entails the measurement of the concentration of a chemical determinant in the biological media of exposed workers and is an indicator of the uptake of a given substance. In recent years there has been more interest in the determination of breath compounds for biomonitoring purpose. More than 200 compounds have been identified in normal human breath by gas chromatography coupled with mass spectrometry 4) . Several methods have been proposed for sampling and collecting exhaled air samples: glass, aluminium tubes or SUMMA stainless steel canisters have been used for the sampling of alveolar air and plastic bags mainly for the total air [5] [6] [7] [8] [9] [10] [11] . Successively the air is transferred onto the analytical system directly or through solid sorbents that are thermally desorbed; solid-phase microextraction (SPME) technique has been also applied 12) . Such methods are relatively reliable for research field work, but are certainly not intended to become routine methods. Breath analysis has not become widespread in the workplace because of practical problems in sampling large number of workers and in the interpretation of the results. The first problem arises because concentrations of contaminants in exhaled air are low and the air is moist, requiring elaborate, sensitive and expensive equipment. The second problem is related to the complex excretion kinetics of most volatile compounds and the effects of respiratory dead space on the composition of exhaled breath 13, 14) . A problem in sampling either alveolar or mixed expired air is the effect of the passage of time after exposure has ended. Simulation models and experimental measurements of excretion kinetics of volatile compounds have shown that within two to four hours after the end of exposure the levels change rapidly, and are correlated with the final exposure concentration regardless of how long the exposure lasted. At longer post-exposure times the levels in breath are more closely proportional to the time-weighted average exposure, or body burden, of the compound. Not enough investigations have been performed to evaluate whether or not the analysis of expired air collected 16 h after the end of exposure (i.e. before the next shift) can provide an estimation of the amount of toluene intake during the previous day. In this paper we report the results of a sampling in a group of workers exposed to toluene to validate breath monitoring before the next morning shift utilising a new simple device. The results from the biological samples are compared with toluene concentrations in environmental air, blood, and urine.
Materials and Methods

Subjects
Thirty-six male workers were examined, mean age 38.1 yr (S.D. = 12.6) from a chemical factory exposed to toluene. The workers were engaged in production of vulcan brand blankets. Information on workers' health status, smoking habits, and alcohol consumption was collected by means of a questionnaire during medical examination. All workers were apparently healthy and had a daily average ethanol consumption below 50 g. The use of protective gloves was compulsory in all work areas, on the contrary nobody used masks. The study was presented to the workers and discussed, all the workers agreed to partecipate; this research was approved by Institutional Reviewer Board of the "Fondazione Salvatore Maugeri".
Environmental air sampling
For each examined worker, exposure was measured in breathing zone with personal passive dosimeters (TK-200, Zambelli, Italy). The whole work-shift (8 h) of Thursday was evaluated. Morning and afternoon half shifts were monitored separately, each sampling period lasting 4 h. The only solvent used in the workplaces was toluene.
Biological monitoring
I. Alveolar air: sampling procedure and devices To measure toluene concentrations, alveolar air samples were collected from the workers Friday in the morning, before starting a new shift. The workers were asked to take a deep breath, place the end of Teflon collection tube in their mouth and blow slowly into the vials (normally, it takes more than 5 s to empty the lungs) (Fig. 1) . The breath sampler (Fig. 2) consisted of a 58 mL glass vial containing an adsorbing cartridge (60 mm × 3.9 mm) built with stainless steel net (Radiello, Fondazione S.Maugeri, Padova, fsmpd@fsm.it, Italy) 15) and filled with 300 mg Tenax TA ® (35-50 mesh) which had been previously thermally desorbed for 30 min at 240°C under nitrogen flow to ensure maximum purity, and closed with Teflon rubber lined septa and hole caps. The alveolar air was collected in these vials containing the Tenax cartridge, then the vials were immediately sealed. After 24 h toluene deriving from alveolar air in glass vials was completely adsorbed by Tenax substrate, and adsorbing cartridges were removed from the vials and analysed.
II. Blood sampling procedure At the same time of the air sampling, toluene concentration was also determined in blood samples by collecting 5 mL venous blood from a brachial vein. Blood samples were taken with a glass syringe and placed in glass tubes containing two drops of 10% ethylenediaminetetraacetate (EDTA) solution. The glass tubes, filled to capacity in order to avoid any residual air bubble between the blood surface and the tube cap, were closed with a pierceable screw-on cap fitted with a teflon rubber ring seal. After stirring briefly to favour the anticoagulant effect of EDTA, the blood samples were stored at 4°C for no more than 7 d.
III. Urine sampling procedure On the same day of environmental monitoring, elimination of toluene in urine was estimated. Urine samples of the two half-shifts (from 08.00 to 12.00 and from 13.00 to 17.00, respectively) were collected separately. All workers were asked to empty their bladder completely at 08.00 (this urine was discharged). At 12.00 (end of the first half-shift) a sample of urine was collected. The subjects emptied their bladder once more at 13.00 (also this urine was discharged), and sampled the second specimen at 17.00 (end of shift). All procedures were carried out in an uncontaminated area. Within 2 min after voiding, 10 mL of urine samples were transferred to 22 mL glass vials capped with silicone-free airtight plugs, and refrigerated until analysis. In this way exposure of sample to air was very low with negligible loss of solvent.
Analytical methods
Toluene was measured both in environmental air, alveolar air, blood, and urine samples by a Gas Chromatograph (GC) (HP 5880A) connected to a Mass Selective Detector (MSD) (HP 5970A). By using the single ion monitoring (SIM) technique the sensitivity was about 10-folds higher than that obtained with the flame ionization detector (FID). Details on analytical methods are reported in Table 1 .
Alveolar air
Analyses of sorbing cartridges, that work as passive samplers, were carried out after an equilibrium time of 24 h: our previous tests had shown that in this period about 94-101% of toluene was collected by Tenax ® . Sorbing cartridges containing Tenax ® were inserted in a glass liner for focusing the solvent onto a Carbotrap 201 tube (Supelco inc. D.I. 2 mm, length 11 cm). Successively the Carbotrap tube was quickly heated at 370°C for 3 min, utilising a Thermal tube Desorber (Supelco 850) connected with the GC-MSD unit. The thermally desorbed solvent was injected onto a capillary column.
Environmental air
Passive dosimeter charcoal was desorbed with 5 mL of carbon disulphide and kept at 20°C for 1 h, during which it was periodically shaken. The desorption liquid (0.5 µL) was injected onto the GC-MSD unit. 
Urine
Urine samples were stored in refrigerator at 4°C until analysis, which was performed within a few days. Equilibration of toluene vapour in head space air was carried out by keeping the vials at 37°C with periodical vortexing for 2 h before analyses. Two mL of headspace was injected onto a 0.5 mL loop of the gas chromatograph.
Blood
Blood (4 mL) was pipetted into vials containing a solution of the internal standard. To prepare the internal standard solution 4 µL of o-xylene was diluted in ethanol and further in water. Stock solutions in ethanol were kept in 2-mL vials in the freezer, and dilutions in water were prepared for each analytical series. Toluene was stripped from the blood surface and concentrated on a Tenax ® tube by means of a suction pump (flow rate 50 mL/min). The simultaneous intake of filtered air through charcoal ensured the wash-up of the head space. Toluene was focused and then thermically desorbed and injected onto the GC-MSD unit in the same manner as for alveolar air analysis.
Results
When applied to alveolar air, the analytical procedure described gave a detection limit of 50 ng of toluene per liter of alveolar air. Linear dynamic range (LDR) of calibration for toluene by absorbing cartridge extends from the detection limit to 50 µg/L (the highest concentration measured).
The reproducibility and the accuracy of the method are summarized in Table 2 . The detection limits for the measurement of toluene in environmental air, blood, and urine were 2 µg/m 3 , 0.1 µg/L and 0.20 µg/L of toluene respectively. The results of the environmental and biological monitoring are summarised in Table 3 .
Some volatile chemicals, such as toluene, appear to be eliminated in the kidney by a diffusion process determined by the equilibrium of partial pressures in urine and plasma. As a result, the urine:blood ratio equals the urine: blood distribution coefficient, and the concentration of the determinant in urine is independent of urinary output 16) . Adjusting for creatinine or density does not seem to be justified if the excretion mechanism of the determinant differs from the excretion mechanism of creatinine; therefore our urinary toluene data are presented without correction.
For the whole group, the Geometric Mean (GM ) of TWA exposure was 39.8 mg/m 3 , that is less then a quarter of the current TLV adopted by the ACGIH (188 mg/m 3 )
3) . Values varied from 13 to 191.2 mg/m 3 : the highest value exceeded slightly the threshold limit, and most of values were below this limit. GM values were respectively 41.68 mg/m 3 (geometric standard deviation, GSD = 2.38) for morning shift, and 32.58 mg/m 3 (GSD = 2.30) for afternoon shift. A high variation was observed also for toluene concentration in alveolar air, blood, and urine: values ranged from 159 to 3354 ng/L, from 3.6 to 53.5 µg/L, and from 8.75 to 114.4 µg/L, respectively. Figures 3, 4 and 5 show the regression lines, the 95% confidence intervals, and the correlation coefficients (ranging from 0.754 to 0.850) between each most significant set of data, while Table 4 and 5 report additional information. The statistical analysis of data showed highly significant correlations (p<0.0001) between alveolar air and environmental toluene concentrations, as well as among the levels of each biomarker.
Discussion
One aim of this work was to evaluate the concentrations of toluene in breath samples 16 h after shift by means of a new simple device, consisting of a glass vial containing a sorbing cartridge filled with 300 mg of Tenax TA ® to collect alveolar air (Figs. 1 and 2 ). For the collection of alveolar air samples the rapid maximum expiration method was utilised directly in open sampler, starting from rest expiratory level; the first portion of expired air was utilised to wash the dead space, the last part was considered representative of average alveolar air, thus it was collected. To obtain reliable results with this method (sampling by transfer of air), the ratio between volume of washed air and volume of sampled air must be above five 17, 18) ; since in our case the volume of sampled air was 58 mL, this ratio was respected. Toluene molecules contained in the sample trapped in the glass vial were collected by the sorbing cartridge on the basis of diffusion processes in gases. Among the different kinds of available material, we chose Tenax TA ® as the sorbing resin. Tenax TA ® , often referred to simply as Tenax ® , is a macroporous, semi-crystalline polymer manufactured from diphenyl-p-phenylene oxide (DPPO). It has a relatively low surface area (15 m 2 /g). The consequent low adsorption capacity of the resin limits its application in atmospheres of high concentrations, since breakthrough is dependent on concentration. On the other hand, purified Tenax ® exhibits very low background levels, and is stable at high temperature, -number of subjects examined (N).
-arithmetic mean (AM) and arithmetic standard deviation (ASD).
-geometric mean (GM) and geometric standard deviation (GSD). GSD is dimensionless. The retention volume for toluene is 97 l/g.
that allows for the quantitative recovery of many solvents by thermal desorption: this makes it a very useful sorbent for collecting most of volatile organic compounds (VOCs) from atmospheres of low concentrations, when monitoring for compound levels in ambient or relatively unpolluted indoor air, or even in biological samples 19, 20) . Tenax ® is one of the most hydrophobic of all sorbents; its retention volume is barely affected by presence of water. In Table 6 we report the list of solvents that theoretically can be determined with this method, the breakthrough volumes at 38°C in liters/ gram of Tenax ® are also reported 21) . Other sorbents such as Tenax GR, Carbotrap, Carbotrap C, Carbograph, Carboxene 569 and Chromosorb 106 can be utilized for concentrating gaseous analytes followed by thermal desorption; using thermal desorption techniques the detection of VOCs at ppb and ppt levels is feasible. In order to validate the device and the whole procedure for sample collection and analysis, the data on levels of toluene in alveolar air were compared not only with environmental samples, but also with blood and urinary toluene concentration. Significant correlations were found between the concentrations of toluene in alveolar air and environmental levels measured during both the morning and the afternoon half shifts (Table 4) ; the TWA values correlated as well (Fig. 3A) .
It can be interpolated from this study that, prior to the next shift, the mean alveolar air toluene concentration was 3277 ng/L after an 8 h exposure to 188 mg/m 3 toluene with 95% confidence limit of 2382-4172 ng/L. These values are partially in agreement with a value of 4888 ng/L when the breath sample is collected the next morning, after an exposure of 376 mg/m 3 toluene, as reported by Campbell 1) and with a breath level of 972 ng/L pre-final shift exposure, reflective of exposure levels of 188 mg/m 3 , as reported by Pierce et al. 2) . Differences in sample collection techniques and analysis can explain partially the lack of reproducibility of the results among the different authors. As expected, toluene concentration in blood collected 16 h after the end of exposure showed very good correlation with environmental levels of the solvent (Fig. 3B) . In this study we found that after 8 h of exposure to 188 mg/m 3 of toluene the expected toluene concentration in brachial vein blood, collected prior to the next shift, was 49.7 µg/L with 95% confidence limit of 35.2-64.3 µg/L. The ACGIH has recommended a value of 50 µg/L in venous blood, collected prior to last shift of workweek 3) , as a biological index equivalent to the TLV of 188 mg/m 3 toluene. The ACGIH proposal has been confirmed by many researches and is in accordance with laboratory simulation models of exposure [22] [23] [24] [25] [26] [27] . The in vitro blood/air partition coefficient for toluene at 37°C reported by the ACGIH Documentation of the biological exposure indices was included between 11.2 and 15.6 28) . Most reported values of toluene blood/expired air ratio in human studies were higher than 15, with the exception of that reported by Brugnone 17) . Urinary toluene concentrations of the samples collected during each half shift were closely related to the environmental exposure during the same work period ( Table  5 ). Because of fast excretion kinetics, the levels of toluene found in urine samples taken at 12.00 represented morning exposure well, while those found in urine samples taken at 17.00 represented the afternoon exposure well. For a reliable evaluation of exposure during the whole shift, the mean of urinary toluene excretion at 12.00 and 17.00 must be considered: the correlation between environmental toluene and urinary excretion of the solvent was very good, as shown in Fig. 3C . It can be interpolated from this study that the mean toluene concentration in urine (two half-shifts samples combined) after 8 h exposure to 188 mg/m 3 of toluene was 85 µg/L with 95% confidence limit of 62.24-107.76 µg/L. These values are in agreement with the values of 78.4 and 87.8 µg/L found respectively by Kawai 32) and Monster 33) . In a previous paper 34) we have reported a value of 220 µg/L corresponding to a toluene TWA of 376 mg/m 3 . Fustinoni 35) reported that continuos exposure to 188 mg/m 3 of toluene caused an urine concentration (after exposure) of 13 µg/L; in the same paper the author refers a contemporary concentration of 194 µg/L of toluene in blood. Recently Asakawa 36) found, in 27 workers, that after an exposure to 188 mg/m 3 of toluene the urine concentration of solvent was 41.8 µg/L. We suppose that the difference in analytical techniques and in sample collection may be one of the factors affecting the reproducibility of the values. Finally, good correlations were found between blood toluene and alveolar concentration (Fig. 4) and between urinary toluene (combined samples) and both alveolar or blood toluene levels (Fig. 5) .
Conclusions
The measurement of unchanged toluene in biological fluids can provide useful results for biological monitoring of exposure to the solvent. The choice of the sample to be analysed may depend on ethical and practical considerations. The method used in this work offers several advantages over other techniques. The sampling procedure is acceptable to workers since it is not invasive. Both sampling and analytical techniques are relatively simple and inexpensive, and thus many subjects can be monitored simultaneously. The possibility of concentrating the substance contained in alveolar air makes the method very sensitive.
